I. INTRODUCTION
SF 6 has been widely used in the gas insulated switchgear (GIS) and gas insulated lines (GIL) due to its superior features, such as outstanding dielectric strength, low liquefaction temperature, excellent chemical stability and selfrecoverability. But high GWP (about 23500 times that of CO 2 ) and long atmospheric lifetime makes SF 6 be classified as the most potent greenhouse gas and its emission has been restricted by the Kyoto Protocol [1] - [3] . Based on this, many measures have been devoted to controlling the usage of SF 6 , especially in electricity industry. Although some power companies employed mixture of SF 6 and N 2 as insulation gas to alleviate the greenhouse effect without impacting The associate editor coordinating the review of this manuscript and approving it for publication was Atif Iqbal . insulation properties, environmental effect cannot be ignored in the case of a large number of SF 6 [4] - [6] . Consequently, finding suitable replacement gases for SF 6 is of vital importance to the environment.
To address the issue, many alternative gases and gas mixtures with low GWP have been researched, such as N 2 , CO 2 , CF 3 I and C 4 F 7 N (heptafluoroisobutyronitrile) et al. The dielectric strength of air, N 2 and CO 2 is about onethird that of SF 6 and can only be used in low voltage electrical equipment [7] , [8] . For instance, 24 kV GIS with N 2 , as the environment-friendly insulating medium, has been commercialized. In 2008, H. Katagiri and co-workers proposed that CF 3 I was possible to replace SF 6 with the dielectric strength of mixture CF 3 I (30%) and CO 2 (70%) achieving 0.75∼0.80 times that of SF 6 in 0.1 MPa and boiling point of mixtures about −12 • C in 0.5 MPa [9] . However, CF 3 I might generate iodine under discharge condition along with reducing the insulation performance of equipment [10] - [12] . Currently, Minnesota Mining and Manufacturing and General Electric Company put forward a g3 gas, mixture of C 4 F 7 N with CO 2 [1] , [13] , a new eco-friendly candidate in terms of remarkable insulation performance and low greenhouse effect but decomposition products are toxic [14] , [15] , which limited its application to some extent. Wang and Luo's groups focus on predicting and synthesizing insulation gases [16] - [19] . In our recent studies, the perfluorotetrahydrofuran (c-C 4 F 8 O) is recommended as an insulation medium, which is initially used as a plasma-enhanced chemical vapor deposition (PECVD) chamber cleaning gas with characteristics of nonflammability, low-toxicity and good chemical resistance [20] . The geometry structure molecule of c-C 4 F 8 O is shown in Fig. 1 . In addition, the GWP value of c-C 4 F 8 O at 8700 is about one-third that of SF 6 and its ozone depletion potential (ODP) is 0. Therefore, as a potential substitute for SF 6 , the synthesis and study of insulation properties of c-C 4 F 8 O is more important.
Several strategies have been employed to exploit the synthesis c-C 4 F 8 O, such as electrofluorination, fluorine cyclization et al. For example, Edward A. Kauck used tetrahydrofuran and anhydrous hydrogen fluoride as reactants under electrolysis conditions to prepare c-C 4 F 8 O [21] ; In Frick and Navy's route, c-C 4 F 8 O was produced by perfluoroglutaryl fluoride and fluorine [22] . Nevertheless, all above methods were difficult to be applied in large scale owing to complex reaction conditions and high toxicity of raw materials. From a viewpoint of green chemistry, searching for an efficient and simple way to synthesize c-C 4 F 8 O was significant. In 1976, M. Yamabe proposed a new way of using fuming sulfuric acid and 1,4-diiodoperfluorobutane to prepare c-C 4 F 8 O with reasonable yield [23] .
On the basis of previous research, we optimized reaction condition and synthesized c-C 4 F 8 O from 1,4-diiodoperfluorobutane and fuming sulfuric acid. Then, the dielectric strength of c-C 4 F 8 O was investigated from 0.100 to 0.225 MPa. Nevertheless, boiling point of c-C 4 F 8 O was about 0 • C in 0.100 MPa and it was almost impossible to employ pure c-C 4 F 8 O as insulation gas without other buffer gas. Herein, we tested the breakdown voltage of c-C 4 F 8 O and N 2 or CO 2 mixtures and properties of these mixtures in environmental, chemical and physical aspects were also discussed. Finally, the decomposition mechanism of c-C 4 F 8 O was simulated by Gaussian 09.
II. MATERIAL AND TEST PLATFORM A. MATERIALS AND GENGERAL MEASUREMENTS
Fuming sulfuric acid of containing 50% SO 3 was received from Yangzhou Hubao chemical reagents company; 1,4-diiodoperfluorobutane was purchased from Tokyo chemical industry Co., LTD.
GC-MS was recorded on a Varian-450 Gas Chromatograph coupled to a Varian-320 Mass Selective Detector equipped with EI detectors. The Gas Chromatograph was equipped with a 30 m and 0.25 mm, 0.25 mm df and VF-5 column. IR spectra was recorded on a Thermo FT-IR 5700 IR (KBr). Fig.2 showed the testing circuit of power frequency breakdown. The input voltage of transformer was 220 V and maximum output was 50 kV AC. The protective resistance in the circuit was 5 k and the voltage divider ratio of the capacitive voltage divider was 1000:1. Fig.3 showed the device of power frequency breakdown. The shell was sealed by quartz glasses and electrodes were made of Tungsten-Copper alloy. Plate-plate electrodes with a diameter of 20 mm were used in the test. The electric field was uniform and the coefficient of uniformity was about 1. The electrodes gap was 3 mm. The electrodes were polished by abrasive paper in 5000 mesh and cleaned by anhydrous alcohol before the test.
B. TEST PLATFORM

C. CALCUATION METHOD
The simulation of decomposition mechanism of c-C 4 F 8 O was performed with Gaussian 09 software [24] , molecules geometries were optimized by B3LYP/6-31G(d,p) [25] - [28] . In order to evaluate the thermodynamic stability of different molecules, normal vibration mode analysis was performed, and the vibration free energy at 298 K were estimated to predict the reaction free energy of the radical decomposition.
III. EXPERIMANTAL SECTION
17.8 g of fuming sulfuric acid of containing 50% SO 3 were poured into 100 mL three-neck flask that was equipped with constant pressure dropping funnel, reflux condenser and dryice cold trap, then 4.6 g 1,4-diiodoperfluorobutane were added dropwise with the same temperature of 80 • C and continuously stirred for 6 h. Finally, 1.2 g c-C 4 F 8 O was obtained with a yield of 55.7% and structures were confirmed by GC-MS and FT-IR.
GC/EI/MS retention time, m/z: 1.727 min, 69.0 (CF 3 -),
The vessel needed to be evacuated and cleaned three times before the target gas was filled. The step-up method was taken in the test of power frequency breakdown. Firstly, a breakdown voltage U 0 was obtained in the test. In subsequent experiments the voltage was rapidly rising to 75% of U 0 , then was up to breakdown voltage U at a rate of 2%∼3% U 0 /s with interval of 3 min between the two tests. Each test was repeated 10 times and the average value was taken as the breakdown voltage. The power frequency voltage was the voltage of the sinusoidal waveform, and the effective value was multiplied by √ 2 to equal the peak value.
IV. RESULTS AND DISCUSSION
The reaction between 1 and fuming sulfuric acid were influenced by some factors, such as reaction temperature and the molar ratio of SO 3 to 1. As shown in Table 1 , the yield of 2 was found to increase from 32.3% to 42.3% as the reaction temperature increased from 60 • C to 80 • C. However, the yield was falling rapidly to 36.7% with further increase in the temperature attributing to production of more byproducts. In addition, the molar ratio of SO 3 to 1 also affected the yield of 2 and reaction rate. The yield of 2 was gradually improved with the molar ratio of SO 3 to 1 from 8:1 to 11:1. The conversion of 1remained stable when the molar ratio of SO 3 to 1 continuously increased from 11:1 to 13:1. Therefore, the yield of 2 was 55.7% when the molar ratio of SO 3 to 1 was 11:1 at 80 • C. insulating gas, the application environment would be greatly restricted. Therefore, insulation properties of mixture of c-C 4 F 8 O and CO 2 or N 2 were also investigated. . When the mixing ratio of c-C 4 F 8 O gradually increased to 50%, the breakdown voltage of gas mixture was about equal to that of SF 6 . The insulation performance of c-C 4 F 8 O/N 2 was also investigated at the same condition. Fig.5(b) indicated that breakdown voltage of c-C 4 F 8 O/N 2 was increased from 0.76 to 1.21 times that of pure SF 6 as the mixing ratio of c-C 4 F 8 O increased from 10% to 90% (The black line means breakdown voltage of pure SF 6 ). When the mixing ratio of c-C 4 F 8 O was about 44%, the breakdown voltage of gas mixture was nearly equal to that of SF 6 . However, it was noteworthy that the breakdown voltage of 90% c-C 4 F 8 O/CO 2 was higher than that of pure c-C 4 F 8 O in Fig.5 probably because of synergistic effect of c-C 4 F 8 O and CO 2 /N 2 . Hence, the synergistic influence was studied.
The breakdown voltage of c-C 4 F 8 O and CO 2 /N 2 mixtures was not linear growth with the increase in concentration of c-C 4 F 8 O and this non-linearity was referred to as synergistic effect. The synergistic effect could be defined by the following formula [29] :
V m was breakdown voltage of the gas mixture; V 1 and V 2 were the breakdown voltages of pure gases 1 and 2(V 1 > V 2 ); k was the mixing ratio and C was a constant. When C > 1, it indicated negative synergistic effect; When C = 1, it indicated that V m linearly changed with increase in the value of k; When 0 < C < 1, it indicated synergistic effect; When C < 0, it indicated positive synergistic effect. Table 2 provided synergistic effect of c-C 4 F 8 O and CO 2 /N 2 and values of C in 0.100 MPa. When the mixing ratio raised from 0.1 to 0.7, values of C were greater than 0 and less than 1, showing synergistic effect. As the proportion of c-C 4 F 8 O in the gas mixture was continuously increased, the value of C turned into negative, meaning that mixture of c-C 4 F 8 O and CO 2 /N 2 showed positive synergistic effect. This also explained the phenomenon that breakdown voltage of 80%∼90% c-C 4 F 8 O-CO 2 /N 2 was higher than that of pure c-C 4 F 8 O. 
An assumption was made that gas was ideal and liquefaction temperature of mixtures could be obtained by:
k was the mixing ratio of c-C 4 F 8 O for a total pressure. Fig.6 showed boiling point of gas mixture under different mixing ratios and pressures. The liquefaction temperature of gas mixture increased along with the addition of c-C 4 F 8 O under the same pressure. When the dosage of c-C 4 F 8 O remained the same, the liquefaction temperature of gas mixture was also raised with pressure from 0.1 MPa to 0.5 MPa. As was previously reported, −15 • C was the minimum operation temperature for medium-voltage GIS [31] . The mixing ratio of c-C 4 F 8 O should be no more than 55%, 27%, 18%, 14% and 11% in 0.1, 0.2, 0.3, 0.4 and 0.5 MPa respectively. If the c-C 4 F 8 O was used in insulation equipment with some pressures, the proportion shall not exceed 20%. GWP for gas mixtures by the following equation [32] :
where X%, Y% . . . N% was the mass fraction of the gaseous mixture of X, Y . . . N respectively. Fig.7 represented the relation between total GWP and mixing ratio of c-C 4 F 8 O which was obtained by the assumption of ideal gas condition. GWP for mixtures increased with mixing ratio of c-C 4 F 8 O raising from 1% to 100%. In addition, a phenomenon was put forward that GWP for c-C 4 F 8 O-N 2 mixtures was slightly higher than that of c-C 4 F 8 O-CO 2 mixtures attributing to a relatively low molecular mass of N 2 . According to calculation results, GWP for c-C 4 F 8 O and N 2 /CO 2 mixtures fell rapidly to about 5800 and 4800 as the proportion of c-C 4 F 8 O was less than 20%. If the mixing ratio consistently decreased, GWP for mixtures could reduce to 500, about one-fiftieth that of SF 6 . The calculation results showed that mixing c-C 4 F 8 O with N 2 /CO 2 could significantly reduce the GWP of gas mixture.
The self-recovery capability of insulating gas was also very important in the electric system. Therefore, self-recovery ability of c-C 4 F 8 O and its mixtures was studied. Each breakdown testing interval was two minutes and results were illustrated in Fig.8 . In 50 times of breakdown tests, the testing values were always stable around the initial breakdown voltage, showing excellent self-recovery performance. The selfrecovery capability of 20%c-C 4 F 8 O-80%N 2 /CO 2 was also investigated. As shown in Fig.9 , the breakdown voltage of 20%c-C 4 F 8 O-80%CO 2 was lower than that of 20%c-C 4 F 8 O-80%N 2 . In addition, the dielectric strength of c-C 4 F 8 O-CO 2 gas mixture slightly decreased with the increase in breakdown numbers probably due to decomposition of c-C 4 F 8 O. Hence, the decomposition mechanism of c-C 4 F 8 O was studied.
The insulting medium in the equipment would decompose under flashover or partial discharge conditions to produce some by-products in the long-term use process. Therefore, clarifying decomposition products and studying decomposition mechanism of insulting medium were critical to the safety of equipment maintenance. Firstly, decomposition products of c-C 4 F 8 O after multiple breakdown tests were investigated by GC. Test conditions were as follows: the initial temperature was 30 • C and the temperature was held for 5 min, then was up to 110 • C at a rate of 20 • C/min. The final temperature was held for 2 min. Results of decomposition products were demonstrated by Fig.10 . The GC showed that components of the c-C 4 F 8 O exhibited little change. In other words, the c-C 4 F 8 O didn't decompose after breakdown test. To further understand the decomposition mechanism of c-C 4 F 8 O, the gas phase radical decomposition reaction was calculated by Gaussian 09.
The decomposition process was indicated by Table 3 and reaction free energy of c-C 4 F 8 O with geometry of molecules was shown in Fig.11 . c-C 4 F 8 O has a five-membered ring structure that might decompose to form radical structure by removing fluorine and oxygen atom as shown in Fig.11 Table 3 , the forming of 1, 2, 3 was even easier than that of 4, 5, 6 because of lower reaction free energy. It also indicated that b, c, g, were not main products. After ring-open reactions, diradical molecules d, e, f , were immediately decomposed into small stable molecules h (C 2 F 4 ), i (c-C 2 F 4 O), j (c-C 3 F 6 ) and k (CF 2 O) with the exothermic process. The total reaction free energies from a to h, i and j, k were 50.667 and 33.958 kcal/mol respectively. Table 4 . Tetrahydrofuran and anhydrous hydrogen fluoride were used to prepare c-C 4 F 8 O under electrolysis with the yield of 42.2%. However, the electrolytic method had some weakness, such as more requirements on equipment, high toxicity of raw material and low yield. The fluorine cyclization was also a method of producing c-C 4 F 8 O. But extremely toxic fluorine was employed in this process. Finally, a novel technique was presented by using fuming sulfuric acid and 1,4-diiodoperfluorobutane. This method had simple and convenient preparation process with lower requirement on equipment. The yield of c-C 4 F 8 O was also greatly improved after optimization.
Based on testing and analysis results, comparison of properties between SF 6 and c-C 4 F 8 O were made, as shown in Table 5 . SF 6 was traditionally employed as insulating gas in virtue of preeminent dielectric properties, low liquefaction temperature and non-toxicity. However, high GWP of SF 6 limited its use in the electrical system. In addition, decomposition products of SF 6 were mainly highly toxic by-products, such as SO 2 F 2 , SOF 2 , SOF 4 , HF and S 2 F 10 [33] , [34] . According to the Table 3 , GWP of c-C 4 F 8 O was 8700, about one-third that of SF 6 with lower impact on the environment. The dielectric strength of c-C 4 F 8 O was 1.2-1.4 times that of SF 6 and decomposition by-products were mainly C 2 F 4 , c-C 2 F 4 O, c-C 3 F 6 and CF 2 O with good insulation properties. The results indicated that c-C 4 F 8 O had potential to replace SF 6 after a series of contrastive analysis.
V. CONCLUSION
In summary, c-C 4 F 8 O was successfully synthesized with the yield of 55.7% when the molar ratio of 1,4-diiodoperfluorobutane and fuming sulfuric acid of containing 50% SO 3 
